Background: Antimicrobial prescribing behaviour is first established during medical study, but teachers often cite lack of time as an important problem in the implementation of antimicrobial stewardship in the medical curriculum. The use of electronic learning (e-learning) is a potentially time-efficient solution, but its effectiveness in changing long-term prescribing behaviour in medical students is as yet unknown.
Introduction
Education is an essential pillar of antimicrobial stewardship. 1 The basis for professional behaviour is laid during the first years of medical study. Interventions to promote prudent antimicrobial prescribing should therefore increasingly focus on undergraduates, rather than on postgraduates only. 2 A recent survey revealed that European medical teachers feel the subject of prudent antimicrobial prescribing should be prioritized. However, teachers cited time restriction as the most important obstacle. 3 Electronic/internetbased learning (e-learning) offers an interesting potential solution to this problem because, after creation, large groups of students can participate with a relatively small investment of time and cost. 4, 5 E-learning can be equally effective as an alternative education method in improving patient-related outcomes and influencing healthcare professionals. 6 E-learning has shown positive effects on drug prescribing, but more evidence regarding behaviour change in practice and long-term retention (.12 weeks) is needed. 4, [7] [8] [9] Educational interventions on antimicrobial prescribing have shown effectiveness, 10-14 but effects could not always be isolated from other intervention effects. The question remains whether a short period of e-learning can improve antimicrobial prescribing skills and behaviour in undergraduates in the long term.
We developed a problem-based, interactive e-learning module on antimicrobial prescribing for fourth year medical students, conforming to scientific recommendations. 2, 15, 16 We tested the e-learning's long-term (after 6 months) effectiveness in improving student competence in performing a therapeutic infectious disease consultation in a simulated patient situation. 
Methods

Design
Prospective controlled intervention study of long-term effects, combined with randomized controlled intervention study of short-term effects (knowledge only).
Population
Medical students at the VU University Medical Centre Amsterdam, The Netherlands.
Participant selection and study groups
The e-learning module was introduced in the fourth year (out of six) of the medical curriculum between September 2011 and August 2012. Students were informed about the e-learning programme during an education lecture and asked to complete an antimicrobial knowledge pre-test. Afterwards, students were randomized to either direct e-learning access for 6 weeks or no e-learning (control group 1). E-learning group students received an e-mail link to the e-learning and up to three reminder e-mails in the case of ,80% e-learning completion. E-learning access ended shortly before the antimicrobial knowledge post-test. To allow each student equal access to education, students in control group 1 were given access to the e-learning after the post-test. Owing to the potential risk of exposure to the e-learning (i.e. contamination), control group 1 was excluded from the long-term analysis.
We created another control group (control group 2) for the long-term effect analysis of all students not included in the intervention group or control group 1 who had started their fourth year of the curriculum between September 2009 and September 2012. Figure S1 (available as Supplementary data at JAC Online) shows the full inclusion process for each study group. The study was approved by the national educational ethical review board (NVMO-ERB).
E-learning module
The e-learning module was built into the Dutch e-learning portal MedischOnderwijs.nl (in Dutch, to access: click https://www.medischonder wijs.nl? LESSONID"1693, register for free and click link again), comprised eight clinical cases and was based on the WHO's guide to good prescribing, 17 similar to the paradigm of the pharmacotherapy education in the curriculum. The e-learning included an evaluation survey (created in SurveyMonkey, http://www.surveymonkey.com).
Measurements
The antimicrobial knowledge tests comprised 57 multiple-choice questions each, validated by several experts.
The objective structured clinical examination (OSCE) aimed to simulate prescribing behaviour in clinical practice and was set up concordant with recommendations from literature including use of a patient actor;
18 also see the Supplementary methods and previous literature. 19 The final product of the exam was a written prescription for an infectious disease case. Students were scored on overall performance based on a standardized score system including subscores for drug choice and knowledge. Examiners were blinded to group allocation.
Outcomes
Primary outcomes were based on evaluation of long-term e-learning effects and comprised overall drug choice and knowledge OSCE scores (all grades 1-10, higher scores indicating a better performance) and OSCE pass percentage (overall score .5.5). Secondary outcomes were the short-term effect of e-learning on knowledge by comparing scores on the second antimicrobial knowledge test while controlling for scores on the first test; and students' evaluation of the e-learning.
Statistical analysis
We used the intention-to-treat principle to define intervention status. We determined the effect of the intervention by comparing outcomes between the intervention group and control group 1 for short-term effects and control group 2 for long-term effects. Univariate linear or logistic regression was used for all comparisons. We used propensity scores to control for confounding effects of students' prior level, case differences and use of different examiners to allow valid comparisons. We also performed an astreated analysis. We considered P , 0.05 significant.
See the Supplementary methods for more details on the medical curriculum, outcome measures and statistics.
Results
Inclusion
We included 56 students in control group 1, 68 students in the elearning group for the short-term comparison, 285 students in control group 2 and 71 students in the e-learning group for the long-term comparison. Details of inclusion are shown in Figure S1 . Baseline characteristics of study groups are shown in Table 1 .
E-learning effects
Students in the e-learning group scored significantly higher on all continuous outcomes compared with control group students ( Figure 1 ). OSCE pass percentage was also significantly higher for e-learning group students compared with control group students (97% versus 86%, n " 346, OR 5.90, 95% CI 1.74-20.01, P " 0.004). Effect sizes increased when using an as-treated approach ( Figure S2 ).
Evaluation survey
Students rated the e-learning as instructive (average score from 1 to 10 was 7.4), 77% rated it as entirely relevant, but 55% rated it as too extensive. When questioned on their confidence in prescribing antimicrobial therapy in clinical practice prior to and subsequent to the e-learning, the percentage of students indicating insecurity or severe insecurity decreased from 74% to 37% (P " 0.002).
Discussion
This prospective controlled intervention study showed that access to e-learning for a limited time period significantly improved medical students' long-term antimicrobial drug choice, antimicrobial knowledge and overall performance during an antimicrobial therapeutic consultation with a patient actor. In order to shape future antimicrobial prescriber behaviour, it is very important to identify resource-effective tools that can improve undergraduates' prescribing competence, rather than at a later stage when physicians have already begun clinical practice. 2 Our results suggest that e-learning may be just that. Although the main results on the continuous outcomes were relatively small (0.31-0.51 difference on a 1-10 scale; Figure 1) , results on the pass percentage Sikkens et al.
(11% difference) suggest that the intervention made a difference where it matters: among students whose prescribing competence balanced around the fail/pass level. The e-learning was rated positively by students and increased their self-rated confidence in prescribing.
Our study is unique in that it estimates intervention impact by assessing students' behaviour in a situation that simulates prescribing in clinical practice, using an approach recommended in literature. 18 It is one of very few studies to evaluate the long-term impact (.12 weeks) of a temporary educational intervention on antimicrobial prescribing. 11 The design of the study and the availability of prior student grades allowed us to create optimal equal comparisons between intervention and control groups. The inclusion of the short-term effect analysis made it possible to assess direct impact on knowledge and a potential fade of knowledge retention over time.
The results of the intention-to-treat analyses show that intervention impact was significant when averaged for the whole group, although a considerable percentage of students either did not access the e-learning at all or only partially. This reflects intervention impact in practice, as participation in non-compulsory education is seldom expected to be perfect. Long-term effects of e-learning
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The as-treated results suggest the 'true effect' is higher, as would be expected. The e-learning used comprised certain factors that may have enhanced its effectiveness, which are important to mention for future replication attempts. 5 They include its problem-based architecture;
2,15 the inclusion of interactive elements, exercises and feedback; 16 and the use of the WHO six step plan to good prescribing, which is a method known to improve therapeutic competence of medical students. 17, 20 Moreover, the e-learning was implemented in the curriculum with pharmacotherapy education using the same paradigm. 20 Although the curriculum was identical for the control group students, the interaction between e-learning and the curriculum may have supported long-term retention of learning effects.
We need to address some limitations. Assessment of students' skills is subjective and can lead to inconsistent results, which we aimed to diminish by using a structured assessment approach and adjustment for examiner effects. The results of the antimicrobial knowledge post-test were low across groups, suggesting the test may have been too difficult. This may have caused an imperfect measurement of student knowledge level. Finally, because our study included students who had to study for an additional 2 years after the OSCE, it is unclear how much of the e-learning effect will be present when they start prescribing in practice. Repeating the e-learning, for instance in postgraduate training, may be important.
We have shown that e-learning access during a limited time period can significantly improve medical students' long-term antimicrobial drug choice, antimicrobial knowledge and overall performance of an antimicrobial therapeutic consultation in a situation simulating clinical practice.
